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Abstract: The next generation of medical
implants will be ones which are tissueengineered, i.e. biological substitutes. The
methods to be used include cell technology
and advanced biomaterials. The first products
being commercialized are skin substitutes.
As we move into the 21st century, however,
there will be a wide variety of applications.
INTRODUCTION

of

living tissue, i.e. tissue
The engineering
engineering, involves the use of living cells, manipulated
through their extracellular environment or even

genetically, to develop biological substitutes for
implantation into the body and/or to foster the
remodeling of tissue in some other active manner (l).
The purpose is to either repair, replace, maintain, or
enhance the function of a particular tissue or organ. For
some organs, ttre fust step will be extracorporeal devices;
however, the long term goal of tissue engineering should
be either implantable systems or the in vivo remodeling
of tissue. Because there are not enough organs available
for transplantation to meet the needs of the individuals on
waiting lists, there is a real need for tissue-engineered
biological substitutes.
CELL TECHNOLOGY

A core functional element of a tissue-engineered
substitute or construct is living, functional cells,
employed with natural and/or synthetic biomaterials (2).
Cell function should be maintained for a sufficient period

of time,

and cells should be available

in

sufficient

amounts for clinical studies and, eventually, clinical
applications. Cells should not cause adverse immune
reactions upon implantation, either because ttrey are or
have been made immunocompatible or because they are
isolated from the immune system of the host.
Cell sources include both human and animal tissues.

The difficulty of retrieving cells from these sources
depends greatly on the type of cells considered. Cell
availability in addition depends on the extent to which
isolated cells can be grown in culture, with controlling
differentiation in culture being particularly challenglng.

Human cells may be obtained from either living or
cadaveric donors. Such cells should be amplifiable in
culture if they are tJo be of use in clinical applications.

Human cells

offer the

advantage

if

of

good

the patient's own
cells are used as aurografts after isolation from another
immunocompatibility, especially

part of the body and extracorporeal cultivation. Animal
species provide a theoretically limitless supply of cells
for bioartificial tissues. Xenogeneic cells are certain to

be rejected by the immune system

in

nonimmunosuppressed individuals, unless the cells are

isolated from the immune system

of the host or

immunomoduliated, i.e., genetically manipulated to alter
the cell surfrce expression of antigans. A disadvantage of
animal cells includes the possible immunoreactivity of
secreted proteins in humans. Human cells, in some cases
possibly derived ftom the same patient, can be genetically
manipulated ex-vivo and reinserted in a tissue-engineered
construcL

BIOMATERIALS
The native tissues within the body contain natural
biological materials, i.e., biomaterials. These not only
are organized into three-dimensional structures, but are
part of the external environment providing signals to the
resident cells.

Equally well, biomaterials are essential components
of bioartificial tissues (3). In this case, they also could
be natural exnacellular matrix molecules, or they could
consist of synthetic materials, e.g., polymers, without or
with specific surface modifications. Biomaterials serve

an array of functions and interact both with the
surrounding tissue of the host after implantation and with
the cells inside the bioartificial construct. Consequently,
the requirements fG biomaterial function and performance

can be quite different. For biomaterials serving as
interface between an implant and the host, a common
requirement is the absence of inflammatory or fibrotic
responses following implantation. Biomaterials may
also be required to provide immunoprotection of the
implant, excluding antibodies and cytotoxic cells of the
host, or tro promote vascularization of the bioartificial
construct for enhanced transport of oxygen and other
nutrients. Biomaterials in contact with blood should not
cause coagulation, but if possible actively avert it
through the release of thrombolytic agents. This trend
from inert to "smart" biomaterials eliciting predictable
and controlled responses is general and involves
biomaterials interfacting with variou tissues.
Several sudies have been performed on derivuizing
the surface of polymers by covalent grafting of adhesion
peptides. This ap'proach has been pursued as a means of
producing surfaces that exhibit different compabibilities
for cell adhesion, from totally nonsupportive !o very
supportive, and are adhesive !o some but not other types

of cells. Such materials would be most useful in
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meeting the different requirements imposed by tissueengineered systems.

Biomaterials also play a crucial role in cell
encapsulation technology. Encapsulation allows
implantation of cells that otherwise would be rejected
from nonimmunosuppressed hosts. Encapsulated cell
systems have a potential to treat metabolic disorders
resulting from pathologically low amounts of relatively
small polypeptides, such as insulin in ttre case of diabetes

mellitus. The cells are surounded by a semipermeable
membrane allowing cellular nutrients and metabolites,
including the bioactive polypeptides, to diffuse, but
excluding large antibodies and cytotoxic cells of the host

APPLICATIONS

A variety of
development

tissue-engineered products are under
The first product coming through

(2).

clinical trials and hopefully soon completing FDA
approval requirements is that of artificial skin. The

system is the regeneration of nerves both in the
peripheral nervous system as well as the central nervous
system.

An area of expanding activity, bottr for basic research
and industrially, is that of orthopaedic tissue engineering.
Here both bone and soft tissue implants, e.g. cartilage,
are of interest. Such orttropaedic applications also are
ones where the in vivo biomechanical environment must
be taken intro rccounL
Finally, one other area to which the application of
tissue engineering will be imporant is the development
of cardiovascular substitutes. Most of the focus to date
has been on tissue-engineered blood vessels. Even
though considerable progress has been made, there is still
much to be done before clinical studies commence. Also
of importance for tissue engineering is the development
of heart valve substinrtes.
CONCLUSIONS

impetus for developing such a substitute is to address the

In summary, tissue engineering is an emerging area of

of patients with severe burns or with chronic

both academic and industrial activity. It is one of both a
multidisciplinary and interdisciplinary nature, ore that
offers enormous challenges to engineering as well as tro
the biosciences. Although there is still much which can
be done to optimize current implant technology, the next

needs

ulcers, either pressure induced or due to diabetes. One
company already has available a procedure for rapidly
expanding a small sample of skin from a patient so as to
achieve the large quantities required t,o provide the
necessary covering. Other approaches to the treaunent of

such patients range from acellular matrices which
promote wound healing to cellularized substitutes. In
regard to the latter, two companies, Advanced Tissue
Sciences and Organogenesis, both anticipate receiving
FDA approval within the next few years. In these an
important aspect is the extracellular matrix md/or
biomaterial scaffold employed. For these cellularized
substitutes, the cells employed need t,o be tested to insure
no presence of Hry, hepatitis B, or other pathogens.

Another important area for the application of tissue
engineering approaches is thu of the endocrine organs.

Here one focus has been on the development of a
bioartificial pancreas based on insulin-secreting cells
surrounded by a synthetic semipermeable membrane. The

feasibility of using such implants with xenogeneic cells
to treat diabetes mellitus has been demonstrated in both
small and large animal models; recently, human trials
have also begun.
The use of encapsulated cellular implants also lends

itself to applications in the nervous system. For
example, Parkinson's disease appears !o be caused by a
lack of dopaminergic input to the striatal neurons,
important tJo motor control. A treatment strategy under
development involves the implantation of encapsulated
dopamine-secreting cells, with the purpose being to
alleviate at least some of the symptoms of Parkinson's
disease through the targeted delivery of dopamine. There
also are other nervous system disor&rs where the delivery
of a missing factor(s) might compensate for a diseasecaused deficiency and thus alleviate symptoms. Another
important tissue engineering application in the nervous
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of implants will come from tissue
engineering. There already are products emerging, and
generation

this is an industry that will continue to grow.
Much of the activity in tissue engineering will result
from multidisciplinary teams and interactions involving
engineers, life scientists, and clinicians. Science and

engineering both are expected to benefit from these

interactions: what is needed to engineer bioartificial
tissues will in fact drive biology, and the biologic
advances will in turn influence the engineering
approaches. Still, as tissue engineering develops, there
will be .a need for a true tissue engineer, i.e., a
bioengineer who wil not only bridge biology and
engineering, but integrate these two disciplines at a basic
molecular and cell biology level so as !o foster new and
unique applications.
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